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,QWURGXFWLRQ
0RGHUQPDQDJHPHQWRI:DWHU'LVWULEXWLRQ1HWZRUNV:'1VDVNVIRUUHOLDEOHDQGVXVWDLQDEOHVROXWLRQVWRDOORFDWH
HIIHFWLYHO\LQYHVWPHQWVZKLOHSURYLGLQJHIILFLHQWVHUYLFHWRFXVWRPHUV$UHDOLVWLFK\GUDXOLFPRGHOOLQJLVPDQGDWRU\
LQRUGHUWRGHVLJQWHFKQLFDOHIIHFWLYHVROXWLRQVFRQVLGHULQJWKHDFWXDOEHKDYLRURI:'1VZKLFKDUHJHQHUDOO\FRPSOH[
QHWZRUNVLQFOXGLQJFRQWURORIK\GUDXOLFGHYLFHVHJSUHVVXUHUHGXFLQJYDOYHVSXPSVHWFDQGGHOLYHULQJGLIIHUHQW
FRPSRQHQWRIZDWHUGHPDQGVHJFXVWRPHUDQGEDFNJURXQGOHDNDJHGHPDQGV
7KH:'1HW;/ V\VWHP >@ LV LQWHQGHG IRUSUDFWLWLRQHUV UHVHDUFKHUV DQG VWXGHQWV WR SURYLGH VXSSRUW IRU:'1
DQDO\VLVGHVLJQDQGPDQDJHPHQWZLWKLQDFRPSUHKHQVLYHDQGFRQVLVWHQW IUDPHZRUNE\XVLQJ06([FHODVGDWD
PDQDJHPHQWLQWHUIDFH7KH:'1HW;/SDUDGLJPSHUPLWVWRHDVLO\FXVWRPL]HH[LVWLQJDQDO\VHVDQGRUGHYHORSQHZ
IXQFWLRQDOLWLHVEDVHGRQSHFXOLDUQHHGVRIWKHZDWHUXWLOLW\7KH:'1HW;/$QDO\VLVPRGXOHLVWKHEDVHFRPSRQHQWRI
WKH :'1HW;/ V\VWHP ,WV RULJLQDO K\GUDXOLF PRGHOOLQJ LQFOXGHV D VWDEOH DOJRULWKP IRU WDQN PRGHOOLQJ QDPHG
JHQHUDOL]HGJOREDOJUDGLHQWDOJRULWKP***$ZKLFKFRXSOHVPDVVEDODQFHHTXDWLRQVDWWDQNVDQGFODVVLFHTXDWLRQV
RI:'1PRGHOOLQJ>@
7KHIHDWXUHVRI:'1HW;/PDNHLWSUHIHUDEOHRYHURWKHUFRPPHUFLDOVRIWZDUHSDFNDJHVIRULQVWDQFHLQOHDNDJH
PDQDJHPHQW LQFOXGLQJ OHDNDJH FRQWURO$FWXDOO\ K\GUDXOLFPRGHOOLQJ RI:'1HW;/ LV HQKDQFHGZLWK UHVSHFW WR
(3$1(7>@,QIDFWLWHPEHGVVHYHUDOLQQRYDWLRQV
x WKHSUHVVXUHGULYHQDQDO\VLVLHK\GUDXOLFPRGHOOLQJFRQVLGHULQJWKHDFWXDOGHPDQGGHSHQGHQF\RQSUHVVXUHDQG
VHYHUDOFRPSRQHQWVRIGHPDQGVHJFXVWRPHUDQGEDFNJURXQGOHDNDJHV>@
x QRQKHXULVWLFDOJRULWKPVIRUIORZFRQWURODQGFKHFNYDOYHVIRUSUHVVXUHUHGXFLQJYDOYHV359VLQFOXGLQJWKH
DQDO\VLVRI359VZKLFKDUHUHJXODWHGWRPDLQWDLQDWDUJHWSUHVVXUHVDWUHPRWHQRGHVIRUYDULDEOHVSHHGSXPSV
963VLQFOXGLQJWKHDQDO\VLVRI963VZKLFKDUHUHJXODWHGWRPDLQWDLQDWDUJHWSUHVVXUHVDWUHPRWHQRGHV>@
x WKHIXOOLQWHJUDWLRQRIWRSRORJLFDODQGK\GUDXOLFDQDO\VHVLHQHWZRUNFRQILJXUDWLRQFKDQJHVGXHWRLVRODWLRQ
YDOYHVKXWGRZQVRUFRQWUROGHYLFHFORVXUHEHIRUHDQGGXULQJWKHK\GUDXOLFDQDO\VLV>@
$FWLYH OHDNDJHFRQWURO UHIHUV WRPDQDJHPHQWRISLSHEUHDNDJHVE\SURPSWO\GHWHFWLQJDQG ORFDOL]LQJ WKH OHDNV
DOORZLQJUHSDLULQJWKHDVVHW,QIDFWEXUVWOHDNVUHSUHVHQWDSRWHQWLDOULVNWRSXEOLFKHDOWKDQGFDQFDXVHVLJQLILFDQW
HQYLURQPHQWDOGDPDJHVDQGHFRQRPLFORVVHV)URPK\GUDXOLFVWDQGSRLQWOHDNVGXHWRSLSHEUHDNDJHVFDXVHFKDQJHV
LQQRUPDO:'1K\GUDXOLFEHKDYLRUGXHWRWKHLQFUHDVHRIZDWHURXWIORZVDQGFRQVHTXHQWREVHUYDEOHSUHVVXUHGURS
WKURXJKWKH:'18VXDOO\ODUJHEXUVWVDUHUDSLGO\IL[HGGXHWRPXOWLSOHFRPSODLQWVZKLOHRWKHUEXUVWVZKLFKGRQRW
UHVXOW LQVLJQLILFDQW LPSDFWVRQ WKHZDWHUGHOLYHU\VHUYLFH UXQXQGHWHFWHGIRU ORQJSHULRGV WKXV OHDGLQJ WRKLJKHU
YROXPHVRIORVWZDWHUDQGSRWHQWLDOWKLUGSDUW\GDPDJHV>@
$FWLYHOHDNDJHFRQWURODFWLYLWLHVXVXDOO\UHVXOWVIURPDFRPELQDWLRQRIIORZSUHVVXUHPRQLWRULQJWRGHWHFWSRVVLEOH
DQRPDOLHVZLWK UHVSHFW WR QRUPDO:'1RSHUDWLRQ DQG ILHOG VXUYH\ IRU EXUVW LGHQWLILFDWLRQ DQG UHSDLU 7KH ODWHVW
DGYDQFHPHQWVLQLQIRUPDWLRQDQGFRPPXQLFDWLRQWHFKQRORJ\LQWKHZDWHUVHFWRUDVZHOODVWKHDYDLODELOLW\RIK\GUDXOLF
VHQVRUWHFKQRORJ\KDYHHQDEOHGZDWHUFRPSDQLHVWRGHSOR\DODUJHQXPEHURISUHVVXUHDQGIORZGHYLFHV'DWDFRPLQJ
IURP VXFK GHYLFHVZKHQ XVHG LQ FRQMXQFWLRQZLWK UHSURGXFWLRQVSUHGLFWLRQV RI WKH:'1EHKDYLRU E\ K\GUDXOLF
PRGHOLQJ KDYH WKH SRWHQWLDO WR HQDEOH IDVW GHWHFWLRQ DQG ORFDWLRQ RI OHDNV 6RPH DXWKRUV SURSRVHG WR FRUUHODWH
IORZSUHVVXUHPHDVXUHPHQWWRH[SHFWHG:'1K\GUDXOLFEHKDYLRUDVUHWXUQHGE\PRGHOVUHSURGXFLQJFDQGLGDWHEXUVW
OHDNVXVLQJIRUH[DPSOHJHQHWLFDOJRULWKPVHJ>@2WKHUDSSURDFKHVSURSRVHGWRXVHLQYHUVHWUDQVLHQWDQDO\WLFV
HJ>@RUWKH:'1PRGHOFDOLEUDWLRQDSSURDFKIRUEXUVWOHDNVGHWHFWLRQDQGORFDWLRQHJ>@3XXVWHWDO>@
SURSRVHG D SUREDELOLVWLF EXUVW GHWHFWLRQ DOJRULWKP EDVHG RQ WKH FDOLEUDWLRQ RI WKH DUHD RI OHDNLQJ RULILFHV XVLQJ
SUHVVXUHPHDVXUHPHQWV
7KHDQDO\VLVRIGHYLDWLRQVRISUHVVXUHRUIORZPHDVXUHPHQWVIURPWKHQRUPDOH[SHFWHGWUHQGVFDXVHGE\EXUVWV
FKDUDFWHUL]HRWKHUSURFHGXUHVHJ>@ZKLOHD%D\HVLDQEDVHDSSURDFKZDVSURSRVHGE\3RXODNLVHWDO>@LQRUGHU
WRHVWLPDWHWKHPRVWSUREDEOHEXUVWHYHQWVLHPDJQLWXGHDQGORFDWLRQDQGWKHXQFHUWDLQWLHVLQVXFKHVWLPDWHVEDVHG
RQIORZWHVWGDWD7KHODWHVWOLWHUDWXUHDSSURDFKHVH[SORLWHGWKHFRQWLQXRXVVWUHDPRIGDWDFRPLQJIURPIORZSUHVVXUH
VHQVRUVLQVWDOOHGZLWKLQWKH:'1DQGFROOHFWHGE\6&$'$V\VWHPVE\XVLQJGDWDPRGHOOLQJVWUDWHJLHVFRPSULVLQJ
VRIWFRPSXWLQJDQGPDFKLQHOHDUQLQJLHDUWLILFLDOLQWHOOLJHQFHWHFKQLTXHV6XFKWHFKQLTXHVKDYHEHHQXVHGPDLQO\
WRGHWHFWDEQRUPDOFKDQJHVLQWKHREVHUYHGYDULDEOHSDWWHUQVDOWKRXJKVRPHH[DPSOHVRIWKHLUXVHLQWKHFRQWH[WRI
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RQOLQHEXUVWGHWHFWLRQDQGORFDWLRQLQUHDOOLIH:'1VDUHUHSRUWHGZLWKYDU\LQJGHJUHHVRIVXFFHVVDQGGLIIHUHQW
OLPLWDWLRQV)RUH[DPSOH0RXQFHHWDO>@XVHGDUWLILFLDOQHXUDOQHWZRUNV$11VDQGIX]]\ORJLFWHFKQRORJ\IRU
WKHDXWRPDWLFDQDO\VLVRIIORZGDWDFROOHFWHGDWGLVWULFWPHWHULQJDUHDV'0$,QDGGLWLRQ$NVHODHWDO>@SURSRVHG
DEXUVWGHWHFWLRQPHWKRGEDVHGRQVHOIRUJDQL]LQJPDS$11V
7KLVFRQWULEXWLRQDWILUVWSUHVHQWVWKHHQKDQFHGK\GUDXOLFPRGHOOLQJZKLFKLVWKHEDVLVIRUWKHHIIHFWLYHQHVVRID
OHDNDJHFRQWURO VWUDWHJ\EDVHGRQ WKHGHWHFWLRQRI WKH DQRPDOLHV LQSUHVVXUH UHDGLQJV SUHVVXUHGURSVGXH WR WKH
LQFUHDVHRIGHOLYHUHGZDWHULQDSRUWLRQRIWKH:'1FDXVHGE\EXUVWOHDNV,QIDFWEXUVWOHDNVGHWHFWLRQLVSHUIRUPHG
XVLQJWKHK\GUDXOLFPRGHOOLQJLQRUGHUWRHYDOXDWHZKLFKEXUVWVFHQDULRVFUHDWHVSUHVVXUHGURSVKDYLQJWKHPD[LPXP
OLNHOLKRRGZLWKWKHDFWXDOUHDGLQJVLHSUHVVXUHGURSVZLWKUHVSHFWWR:'1QRUPDOZRUNLQJFRQGLWLRQV7KHOHDNDJH
FRQWUROLQ:'1HW;/LVFDVWDVDPRGXOHQDPHG:'1HW;//HDNDJH&RQWUROFRQWDLQLQJVHYHUDOXVHIXOIXQFWLRQWR
SODQDFWLYLWLHVDVIRUH[DPSOHWKHGHVLJQRIWKHRSWLPDOORFDWLRQRISUHVVXUHPHWHUVLQWRWKHQHWZRUN
7KH UHPDLQGHURI WKHSDSHUEULHIO\SUHVHQWV WKHPRVW UHOHYDQW IHDWXUHVRI WKHHQKDQFHGK\GUDXOLFPRGHOOLQJRI
:'1VVXSSRUWLQJ WKHUHDOLVWLFSUHGLFWLRQRI WKHK\GUDXOLFV\VWHPEHKDYLRUDQG WKHQ WKH OHDNDJHFRQWUROGHWHFWLRQ
EDVHGRQSUHVVXUHGURSGHWHFWLRQV$IWHUZDUGVWKH$SXOLDQQHWZRUN>@DOORZVVKRZLQJOHDNDJHFRQWUROLQ:'1HW;/
ZKLFKVXSSRUWVSUHVVXUHVDPSOLQJGHVLJQDQGSLSHVXUYH\SULRULWL]DWLRQ
(QKDQFHG+\GUDXOLF0RGHOOLQJ
2.1. WDNetXL Analysis module 
7KH HIIHFWLYHQHVV RI WKH GLIIHUHQW DFWLRQVRSHUDWLRQV IRU :'1V UHKDELOLWDWLRQ H[SDQVLRQ GLVWULFWXDOLVDWLRQ
FDOLEUDWLRQHWFUHTXLUHVDFFXUDWHDQGGHWDLOHGK\GUDXOLFDQGWRSRORJLFDODQDO\VHV,QSDUWLFXODUDQDFFXUDWHQHWZRUN
DQDO\VLVSURFHGXUHPXVWLQWHJUDWHWKHVLPXODWLRQRIK\GUDXOLFQHWZRUNVLGHQWLI\WKHNH\HOHPHQWVRIWKHQHWZRUNVIRU
H[DPSOHYDOYHVDQGGLVWULFWVDQGGHWHFWWRSRORJ\FKDQJHVUHVXOWLQJIURPDEQRUPDORSHUDWLQJVFHQDULRV:'1HW;/
LVDEOHWRVXSSRUWWKHVHDFWLYLWLHVE\PHDQVRIDGHGLFDWHGPRGXOHWKDWFROOHFWVDVXLWHRIIXQFWLRQV06([FHODGG
LQVIRUWKHVSHFLILFDVSHFWVRI:'1DQDO\VLV

)LJ8VHULQWHUIDFHRI:'1HW;/$QDO\VLVPRGXOH
$OODQDO\VLVIXQFWLRQVLQ:'1HW;/V\VWHPVKDUHWKHVDPHQHWZRUNK\GUDXOLFVLPXODWLRQPRGHOZKLFKFDQSHUIRUP
WKHFODVVLFGHPDQGGULYHQDQDO\VLVRI:'1>@DV LQ(3$1(7>@RU WKHSUHVVXUHGULYHQDQDO\VLVRI:'1E\
6   Orazio Giustolisi /  Procedia Engineering  162 ( 2016 )  3 – 14 
PHDQVRIDPRUHUHFHQWDSSURDFKLQWHJUDWHGE\DSUHVVXUHGULYHQEDFNJURXQGOHDNDJHPRGHO>@7KHNH\IHDWXUHV
RI:'1HW;/V\VWHPFRQFHUQLQJGLUHFWO\WKHK\GUDXOLFVLPXODWLRQPRGHOZLOOEHGLVFXVVHGLQWKHIROORZLQJDORQJ
ZLWK UHODWHG VFLHQWLILFZRUNV RQO\ IHZ IRU WKH VDNH RI EUHYLW\ DQG LQ FRPSDULVRQ WRZRUOGZLGH XVHG K\GUDXOLF
VLPXODWLRQVRIWZDUH(3$1(77KHHIIHFWLYHQHVVRIQHWZRUNDQDO\VLVDOVRGHSHQGVRQHDV\KDQGOLQJDQGYLVXDOL]DWLRQ
RIGDWDDQGUHVXOWV$ERXWWKLV:'1HW;/LVHTXLSSHGZLWKD'QHWZRUNYLVXDOL]DWLRQPRGXOHWKDWDOORZVHGLWLQJ
LQGLYLGXDO:'1HOHPHQWIHDWXUHVYLVXDOL]LQJVLPXODWLRQUHVXOWVDQGGHWHFWLQJFXUUHQW:'1WRSRORJ\$GGLWLRQDOO\
GDWDPDQDJHPHQWLQ06([FHOSHUPLWVWRPDQLSXODWHHDVLO\LQSXWGDWDKDYLQJDEDVLFNQRZOHGJHRI06([FHO:KLOH
ZRUNLQJRQDK\GUDXOLFPRGHOXVHUVFDQKDYHGLUHFWDFFHVVWRGDWDVWRUHGDV06([FHOVSUHDGVKHHWVDQGXVHDQ\
06([FHOIXQFWLRQIHDWXUHHJILOWHUVJUDSKVWH[WVOLQNWRH[WHUQDOGRFXPHQWVHWFWRDQDO\]HHODERUDWHFRPPHQW
HWF5HVXOWVRIDQDO\VHVDUHUHWXUQHGDV06([FHOVSUHDGVKHHWVWKXVSHUPLWWLQJIXOOFXVWRPL]DWLRQE\H[SORLWLQJWKH
LQWHURSHUDELOLW\ZLWK062IILFHPRGXOHVWH[WHGLWLQJSUHVHQWDWLRQVHWF
2.2. Topological Analysis 
7RSRORJLFDODQDO\VLVLVYHU\LPSRUWDQWIRUGLIIHUHQWWDVNVLQ:'1PDQDJHPHQW,QUHDOQHWZRUNVHJWKHVWDWHRI
WKHLVRODWLRQYDOYHV\VWHP,96FDQLQIOXHQFHWKHDFWXDOWRSRORJ\LHFRQQHFWLYLW\ZLWKUHVSHFWWRVRXUFHVRIZDWHU
RID:'1WKXVWKHDQDO\VLVRIQHWZRUNVHJPHQWVGXHWRWKHH[LVWLQJ,96>@LVFUXFLDOIRUWKHK\GUDXOLFDQDO\VLV
FRQVLGHULQJ SODQQHG RU XQSODQQHG ZRUN LQ WKH:'1 >@ 7KHUHIRUH:'1HW;/ DOORZV WKH K\GUDXOLF DQDO\VLV
FRQVLGHULQJ YDOYH VKXWGRZQV LH WKH DVVHVVPHQW RI DEQRUPDO ZRUNLQJ FRQGLWLRQ GXH WR PHFKDQLFDO IDLOXUHV RU
UHKDELOLWDWLRQZRUNVVHH)LJ
6LPLODUO\WKHH[LVWHQFHRIFRQWUROGHYLFHVVXFKDVSUHVVXUHUHGXFWLRQYDOYHVFKHFNYDOYHVIORZFRQWUROYDOYHV
HWF FDQ FDXVH QHWZRUN GLVFRQQHFWLRQV GXH WR FORVXUH RI VXFK D GHYLFHV LQ VRPH SDUWLFXODU ZRUNLQJ FRQGLWLRQV
7KHUHIRUHWKHK\GUDXOLFDQDO\VLVRID:'1UHTXLUHVWKHHQKDQFHGK\GUDXOLFPRGHOOLQJQRWRQO\DFFRXQWLQJLQDQRQ
KHXULVWLFZD\FRQWUROGHYLFHVEXWDOVRWKHFRPSOHWH LQWHJUDWLRQLQWRWKHK\GUDXOLFVROYHURID WRSRORJLFDODQDO\VLV
DOORZLQJ WR DXWRPDWLFDOO\GHWHFW QHWZRUNPRGLILFDWLRQ FRPSXWLQJ WKHK\GUDXOLF VWDWH IRU WKH FRQQHFWHG V\VWHP WR
VRXUFHV RI ZDWHU &RQVHTXHQWO\ K\GUDXOLFPRGHOOLQJ LQ:'1HW;/ XVLQJ**$ LV LQWHJUDWHGZLWK WKH QHWZRUN
WRSRORJLFDODQDO\VLVZKLOHIRUH[DPSOH(3$1(7UHTXLUHVQXPHULFDOH[SHGLHQWVHJWKHGHILQLWLRQRIDPLQLPXP
IORZWRVLPXODWHWKHFORVXUHRIGHYLFHVZKLFKLVQRWHIIHFWLYHFRQVLGHULQJWKHQHHGIRUDUHDOLVWLFVLPXODWLRQRIWKH
:'1EHKDYLRU
2.3. Steady-state and extended period simulation 
,Q:'1HW;/WKHVWHDG\VWDWHVLPXODWLRQ66RIDZDWHUQHWZRUNVQDSVKRWUHODWHVWRDSDUWLFXODUSHULRGRIWKH
GD\ZKRVHGXUDWLRQLVGHILQHGE\WKHXVHUZKLOHWKHH[WHQGHGSHULRGVLPXODWLRQ(36LVWKHVHTXHQFHRIVHYHUDO
RUGHUHG66VQDSVKRWZKHUHG\QDPLFDOERXQGDU\FRQGLWLRQVDUHVHWFRQVLGHULQJWKHILQDOVWDWXVRIWKHGHYLFHVHJRI
FRQWUROYDOYHVDQGWDQNVRIWKHSUHYLRXVVQDSVKRW(DFKVQDSVKRWDVVXPHVVWHDGLQHVVRIWKHERXQGDU\FRQGLWLRQVZKLOH
WKH*HQHUDOL]HG**$***$>@FDOFXODWHVWKHWDQNVOHYHOVYDULDWLRQFRXSOLQJWKHPDVVEDODQFHDWWDQNVZLWK
FODVVLFK\GUDXOLFVLPXODWLRQ>@$VVDLGLQWKHSUHYLRXVVHFWLRQVWKHK\GUDXOLFFRQQHFWLYLW\RIWKHQHWZRUNEHIRUH
YDOYHVKXWGRZQVRIWKH,96DQGGXULQJWKHVQDSVKRWVLPXODWLRQFRQWUROGHYLFHVLVDXWRPDWLFDOO\GHWHFWHG
)URPDWHFKQLFDOVWDQGSRLQWRQHRIWKHPRVWLPSRUWDQWK\GUDXOLFIHDWXUHLQ:'1HW;/LVWKHSRVVLELOLW\WRSHUIRUP
WKH SUHVVXUHGULYHQ DQDO\VLV RI :'1V > @ LQYROYLQJ EDFNJURXQG OHDNDJHV EXUVW OHDNDJHV SUHVVXUH GHILFLW
FRQGLWLRQVIRUFXVWRPHUGHPDQGVILOOLQJHPSW\LQJSURFHVVRIORFDOSULYDWHWDQNVW\SLFDORI0HGLWHUUDQHDQDUHD
Background leakages 
0RGHOOLQJ EDFNJURXQG OHDNDJHV DW SLSH OHYHO LV GLIIHUHQW IURPPRGHOOLQJ EXUVW OHDNV DV IRU H[DPSOH IRU OHDN
GHWHFWLRQDQGORFDOL]DWLRQ%DFNJURXQGOHDNDJHVDUHDVVXPHGGHSHQGLQJRQWKHDYHUDJHSUHVVXUHLQSLSHVEHFDXVH
OHDNDJHVDORQJPDLQVDQGSLSHFRQQHFWLRQVDUHGHSHQGHQWRQSUHVVXUH&RQVHTXHQWO\WKHDYHUDJHORFDOSUHVVXUHLVD
JRRGLQGLFDWRULQIOXHQFLQJWKHWRWDOOHDNDJHLQDSLSH
)LJVKRZVWKDWLQUHDO:'1VEDFNJURXQGOHDNDJHVDUHVSUHDGRYHUWKHHQWLUHQHWZRUNDOVRFORVHWRFXVWRPHUV
FRQQHFWLRQVLQWKH:'1HW;/K\GUDXOLFPRGHOOLQJWKH\DUHUHSUHVHQWHGDVXQLIRUPO\GLVWULEXWHGDORQJSLSHV
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)LJ7KHHIIHFWVRI:'1WRSRORJ\DOWHUDWLRQVLQWKHVDPHVLPXODWLRQWLPHVWHSLQ:'1HW;/

)LJ%DFNJURXQGOHDNDJHVLQ:'1HW;/UHDOEDFNJURXQGOHDNDJHVLQWKH:'1XSSHUILJXUHDUHUHSUHVHQWHGDVXQLIRUPO\GLVWULEXWHG
EDFNJURXQGOHDNDJHVDORQJSLSHVLQWKH:'1PRGHO
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Private/local tanks 
+\GUDXOLFPRGHOOLQJLQ:'1HW;/DOORZVWKHVLPXODWLRQRIZDWHUGHPDQGGHOLYHUHGWRPXOWLIORRUEXLOGLQJVDQG
WKHVLPXODWLRQRIZDWHUVXSSO\WKURXJKSULYDWHZDWHUVWRUDJHVHJURRIEDVHPHQWWDQNVDWHDFKQRGHVHH)LJDQG
)LJ6LQFHGLIIHUHQWGHOLYHULQJFRQGLWLRQVFDQLQIOXHQFHWKHDFWXDOOHYHOVRIVHUYLFHLWLVLPSRUWDQWWRLQFOXGHVXFK
IHDWXUHVLQFRPSOH[QHWZRUNVDQDO\VLVLQRUGHUWRKDYHDPRUHUHDOLVWLFSLFWXUHRISRVVLEOHVFHQDULRVDQGFRQVHTXHQWO\
DOORFDWHLQYHVWPHQWIRUHQKDQFLQJWKHZDWHUGHOLYHU\VHUYLFH


)LJ0XOWLIORRUEXLOGLQJVFKHPHDVVXPHGLQWKH:'1HW;/K\GUDXOLFVLPXODWLRQ

)LJ3ULYDWHORFDOVWRUDJHVFKHPHDVVXPHGLQWKH:'1HW;/K\GUDXOLFVLPXODWLRQ
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EPS and Generalized-GGA 
$VSUHYLRXVO\VDLGK\GUDXOLFVROYHULPSOHPHQWHGLQ:'1HW;/LVEDVHGRQWKH***$ZKLFKHQDEOHVWKHDQDO\VLV
RIYDU\LQJWDQNOHYHOVERWKXVLQJWKH(XOHUPHWKRG>@KHQFHLH***$DOORZVWKHVLPXODWLRQRIYDULDEOHOHYHOWDQNV
LQDVLQJOHVWHDG\VWDWHVQDSVKRWFRXSOLQJPDVVEDODQFHRIWDQNVZLWKFODVVLF:'1PRGHOOLQJHTXDWLRQV7KLVSHUPLWV
WRRYHUFRPHWKHNQRZQLQVWDELOLWLHVRI(3$1(7VROYHUIRUWDQNVVLPXODWLRQZKHQWDQNVDUHK\GUDXOLFDOO\FORVHWR
HDFKRWKHUVHH)LJ(3$1(7SHUIRUPVWKHVLPXODWLRQRIYDULDEOHOHYHOWDQNVSHUIRUPLQJWKHLUPDVVEHWZHHQWZR
VQDSVKRWDQGQRWLQWHUQDOO\WRK\GUDXOLFPRGHOOLQJZKLFKFDXVHVDODFNRIDFFXUDF\LQWKHPDVVEDODQFHDWWDQNVDQG
JHQHUDWHVLQVWDELOLWLHVDQGODFNRIDFFXUDF\RIWKHRYHUDOOPDVVEDODQFHLQWKHQHWZRUN1RWHWKDWLQJHQHUDOL]HG:'1
PRGHOOLQJ>@DUHVHUYRLULVDVSHFLDOFDVHRIWDQN

)LJ6FKHPHRQWKHULJKW7ZRHPSW\LQJLQWHUFRQQHFWHGWDQNVVWDUWLQJDWWLPH]HURZLWKGLIIHUHQWZDWHUOHYHOVIURP>@GLDJUDPVRIWDQN
OHYHOVDQGIORZUDWHVLQWKHWKUHHSLSHVRIWKHVFKHPHUHWXUQHGE\:'1QHW;/DDQG(3$1(7EIURP>@
Real time controlled pressure reduction valves and variable speed pumps 
7KH FODVVLF 359V DUH PHFKDQLFDOK\GUDXOLF GHYLFHV LQVWDOOHG LQ RUGHU WR PDLQWDLQ WKH WDUJHW SUHVVXUH MXVW
GRZQVWUHDPRUXSVWUHDPWKHYDOYH6LPLODUO\WKHFODVVLF963VPDLQWDLQWKHWDUJHWSUHVVXUHMXVWGRZQVWUHDPWKHSXPS
WKHUHIRUHK\GUDXOLFGHYLFHVDOORZDORFDOFRQWURORIDWDUJHWSUHVVXUH
7KHPDLQGUDZEDFNRIORFDOFRQWUROOLQJRIWKHFODVVLF359VDQG963VLVWKDWWKH\JHQHUDOO\UHTXLUHDWDUJHWSUHVVXUH
YDU\LQJRYHUWLPHZLWKWKHK\GUDXOLFV\VWHPEHKDYLRUHJYDU\LQJWKHZDWHUUHTXHVWGXULQJWKHGD\7KHUHIRUHORFDO
FRQWUROOLQJLVQRWVWUDWHJLFIRUWKHRSWLPDOSUHVVXUHFRQWUROLQ:'1V
&XUUHQWLQIRUPDWLRQFRPPXQLFDWLRQWHFKQRORJ\,&7DOORZVWUDQVIHUULQJSUHVVXUHGDWDIURPQRGHVLQWHUQDOWRWKH
K\GUDXOLFV\VWHPWR359VRU963VDOORZLQJUHJXODWLQJ WKHPLQUHDOWLPH LQRUGHU WRPDLQWDLQ WKH WDUJHWSUHVVXUH
7KHUHIRUHUHPRWHO\UHDOWLPHFRQWUROOHG557&359VRU963VSHUPLWWKHRSWLPDODQGUREXVW:'1SUHVVXUHFRQWURO
VLQFHWKHUHDOWLPHHOHFWULFUHJXODWLRQVDOORZVDFKLHYLQJWKHWDUJHWSUHVVXUHYDOXHLQVWUDWHJLF³FULWLFDO´QRGHV7KH
WDUJHWSUHVVXUHDWDFULWLFDOQRGHGRHVQRWYDU\RYHUWLPHGHSHQGLQJRQHOHYDWLRQKHLJKWRIEXLOGLQJVDQGUHTXLUHG
SUHVVXUHIRUDVXIILFLHQWVHUYLFH0RUHRYHUD³FULWLFDO´QRGHLVWKH³K\GUDXOLFZRUVW´QRGHWKHUHIRUHPDLQWDLQLQJWKH
PLQLPXPUHTXLUHGSUHVVXUHIRUDVXIILFLHQWVHUYLFHWKHUHJXDUDQWHHVDVXIILFLHQWSUHVVXUHLQWKHZKROHV\VWHP
7KHIXQFWLRQVRIWKH:'1HW;/$QDO\VLVPRGXOHDOORZK\GUDXOLFPRGHOLQJRI557&359VDQG963VIRUSODQQLQJ
SXUSRVHVLHDVVXPLQJWKDWWKHUHJXODWLRQRIWKHGHYLFHDOORZVLQVWDQWDQHRXVO\UHDFKLQJWKHWDUJHWSUHVVXUHVHH)LJ
(3$1(7GRHVQRWVXSSRUW557&GHYLFHV
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)LJ([DPSOHRI359RQSLSHFRQWUROOHGE\SUHVVXUHDWQRGHDWPD[LPXPVXPPHUDQGPLQLPXPZLQWHUGHPDQGVFHQDULRV1RWH
WKDWZKHQSUHVVXUHDWQRGHGURSVDWSHDNVXPPHUGHPDQGKRXUWKH359LVIXOO\RSHQZKLOHLQWKHZLQWHUVFHQDULRWKH359LVDFWLYH
%XUVWOHDNVGHWHFWLRQ
3LSHEXUVWVUHSUHVHQWFRPPRQRFFXUUHQFHVLQ:'1VDQGDOWKRXJKIHZVWXGLHVKDYHEHHQLQYHVWLJDWLQJWKHPDLQ
GULYLQJIDFWRUVFDXVLQJVXFKHYHQWVWKHLUDFFXUDWHSUHGLFWLRQLVDFRPSOH[LIQRWLPSRVVLEOHWDVNIRUWHFKQLFLDQV
3UHVVXUHUHGXFWLRQDQGH[SHQVLYHSLSHUHSODFHPHQWFDPSDLJQVFDQKHOSLQUHGXFLQJWKHULVNUHODWHGWRVXFKHYHQWV
DOWKRXJKOHDNDJHPDQDJHPHQWEHVWSUDFWLFHVHJ>@UHFRPPHQGWKDWDFWLYHOHDNDJHFRQWUROVKRXOGSXUVXHWKHIDVW
GHWHFWLRQLGHQWLILFDWLRQDQGUHSDLURIQHZSLSHEXUVWVLQRUGHUWRUHGXFHWKHYROXPHRIORVWZDWHUDQGSRVVLEOHWKLUG
SDUW\GDPDJHV
)URPK\GUDXOLFVWDQGSRLQWDSLSHEXUVWFDQFDXVHWKHLQFUHDVHRIZDWHURXWIORZIURPWKH:'1DQGDGHWHFWDEOH
SUHVVXUHGURSDWSUHVVXUHPHWHUVZLWKUHVSHFWWRQRUPDOZRUNLQJFRQGLWLRQV1RQHWKHOHVVGHWHFWLRQDQGORFDOL]DWLRQ
RISLSHEXUVWV LV QRW D WULYLDO WDVNEHFDXVHRI VHYHUDO XQFHUWDLQWLHV HJ SUHVVXUH UHDGLQJ HUURUV K\GUDXOLF V\VWHP
EHKDYLRXUFXVWRPHUGHPDQGUHTXHVWHWFDVZHOODVWKHQXPEHURISUHVVXUHPHWHUVWKDWFDQEHDFWXDOO\LQVWDOOHGLQ
:'1VIRUEXGJHWOLPLW7KHODVWIDFWSRVHVWKHQHHGIRUGHVLJQLQJHIIHFWLYHSUHVVXUHPRQLWRULQJV\VWHPLQRUGHUWR
GHWHFW EXUVWLQGXFHG DQRPDOLHV WR WKLV SXUSRVH UHFHQWO\6LPRQHHW DO >@SURSRVHGDQRSWLPDO VDPSOLQJGHVLJQ
VWUDWHJ\LQWURGXFLQJWKHNH\LGHDRIORFDWLQJWKHSUHVVXUHPHWHUVDWWKHERXQGDU\RI³SUHVVXUH'0$V´
7KH:'1HW;//HDNDJH&RQWUROPRGXOH SURYLGHV D FROOHFWLRQ RI IXQFWLRQV HQWDLOLQJ D VWUXFWXUHG DSSURDFK WR
VXSSRUWLQJZDWHUXWLOLWLHVIRUEXUVWGHWHFWLRQDQGORFDOL]DWLRQ)LJVKRZVWKHXVHULQWHUIDFHRIWKH:'1HW;//HDNDJH
&RQWUROPRGXOHDQGWKHIXQFWLRQVZLWKDEULHIGHVFULSWLRQ
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)LJ8VHULQWHUIDFHRI:'1HW;//HDNDJH&RQWUROPRGXOH
$FFRUGLQJO\ DOO IXQFWLRQV VKDUH WKH VDPH GDWD DUFKLWHFWXUH DV RWKHUV PRGXOHV RI :'1HW;/ DOORZLQJ HDV\
PDQLSXODWLRQDQGDQDO\VLVRIGDWDLQWKH06([FHOHQYLURQPHQW,QSDUWLFXODUWKH:'1HW;//HDNDJH&RQWUROPRGXOH
LVHTXLSSHGZLWKWKH:'1HW;/$QDO\VLVPRGXOHDQGVSHFLDOIXQFWLRQVDOORZLQJWKHDQDO\VLVRISLSHEUHDNDJHV
,W LVZRUWK WR UHPDUN WKDW ERWK EDFNJURXQG DQGEXUVW OHDNDJHV DUHZDWHU RXWIORZV IURP:'1VZKLFK FDQEH
PRGHOOHGXVLQJSUHVVXUHIORZUHODWLRQVKLSVFRQVLVWHQWZLWKWKH7RUULFHOOL¶VODZ>@,QDGGLWLRQWKHSUHVVXUHGURSVGXH
WRPDMRUSLSHEXUVWVPD\FDXVHLQVXIILFLHQWSUHVVXUHWRVDWLVI\FXVWRPHUV¶UHTXHVWV$FFRUGLQJO\WKHSUHVVXUHGULYHQ
DQDO\VLV PDQGDWRU\ WR SHUIRUP WKH K\GUDXOLF VLPXODWLRQV RI SLSH EXUVWV LQ :'1V ZKHUH FXVWRPHUV¶ ZDWHU
FRQVXPSWLRQVDQGEDFNJURXQGOHDNDJHVRXWIORZVDUHERWKSUHVVXUHGHSHQGHQWZDWHUGHPDQGFRPSRQHQWV>@
Anomaly Detection function 
7KLVIXQFWLRQHQWDLOVWKHLGHQWLILFDWLRQRISLSHEXUVWVEDVHGRQWKHFRPSDULVRQEHWZHHQWKHSUHVVXUHGURSVFHQDULRV
REVHUYHGDWSUHVVXUHPRQLWRULQJSRLQWVDQGVHYHUDO:'1K\GUDXOLFVFHQDULRVVLPXODWHGRIIOLQHDVVXPLQJILFWLWLRXV
EXUVWVRIGLIIHUHQWVL]H6XFKLGHQWLILFDWLRQGRHVQRWVLPSO\UHWXUQDVLQJOHVROXWLRQLHPRVWOLNHO\SLSHEXUVWORFDWLRQ
EXW UDWKHU UHWXUQV D SULRULW\ UDQNLQJ RI SLSHV WR VXUYH\ 7KH UDQNLQJ FULWHULD HQWDLO VWDWLVWLFDO DQDO\VHV RI WKH
GLVFUHSDQF\ EHWZHHQ REVHUYHG DQG VLPXODWHG :'1 K\GUDXOLF VWDWXV DQG HQFRPSDVV D QXPEHU RI FURVVFKHFNV
LQWHJUDWLQJ :'1 K\GUDXOLF DQG WRSRORJ\ DLPHG DW PLQLPL]LQJ WKH LPSDFW RI XQFHUWDLQWLHV DERXW DFWXDO ZDWHU
FXVWRPHUV¶GHPDQGPRGHOFDOLEUDWLRQRUSRVVLEOHPHDVXUHPHQWHUURUV
7KH$QRPDO\'HWHFWLRQIXQFWLRQSHUPLWVWZRGLIIHUHQWDSSOLFDWLRQVIRUVXSSRUWLQJDFWLYHOHDNDJHFRQWUROLQ:'1V
 LGHQWLI\LQJ WKHSLSHV WRVXUYH\ LQRUGHU WR ORFDOL]HDQGUHSDLU WKHEXUVW WKDWFDXVHGDQREVHUYHGSUHVVXUHGURS
VFHQDULR  YHULI\LQJ WKH HIIHFWLYHQHVV RI WKH SUHVVXUH PRQLWRULQJ V\VWHP E\ SHUIRUPLQJ VWDWLVWLFDO DQDO\VLV RI
H[SHFWHGORFDOL]DWLRQSHUIRUPDQFHVEDVHGRQUDQGRPO\JHQHUDWHGEXUVWHYHQWV
6XFK DQDO\VLVSHUPLWV WR DQDO\]H WKH HIIHFWLYHQHVVRI WKHDVVXPHGH[LVWLQJSUHVVXUHPRQLWRULQJ V\VWHP IRU WKH
ORFDOL]DWLRQRISLSHEXUVW0RUHRYHU WKHVWDWLVWLFDODQDO\VLVPLJKWVXSSRUW WKHXSJUDGHRI WKHSUHVVXUHPRQLWRULQJ
V\VWHPE\YHULI\LQJLIWKHDGGLWLRQDOLQIRUPDWLRQFROOHFWHGE\DQHZFDQGLGDWHVHQVRUDFWXDOO\FRXOGLPSURYHWKH
OHDNDJHVLGHQWLILFDWLRQSHUIRUPDQFH0RUHGHWDLOVRQWKH$QRPDO\'HWHFWLRQIXQFWLRQDUHSURYLGHGLQWKHFDVHVWXG\
VHFWLRQ
12   Orazio Giustolisi /  Procedia Engineering  162 ( 2016 )  3 – 14 
3.1. Case Study 
7KH$SXOLDQ:'1>@LVXVHGKHUHLQWRVKRZWKH:'1HW;//HDNDJH&RQWURO PRGXOHIHDWXUHVVXSSRUWLQJDFWLYH
OHDNDJHFRQWUROLQ:'1V

)LJ3UHVVXUHVDPSOLQJV\VWHPDVVXPHGIRU$SXOLDQ:'1

)LJ,GHQWLILFDWLRQRIDEXUVWRQSLSHE\SUHVVXUHGURSV
$VVXPLQJ WKDW$SXOLDQ:'1 KDV QRW SUHVVXUH VDPSOLQJ V\VWHP WKHPressure Monitoring Design IXQFWLRQ LV
KHOSIXO WRSHUIRUP WKHRSWLPDOGHVLJQRI ORFDWLRQDOWHUQDWLYHV IRUSUHVVXUHPHWHUVDV LQ >@)LJDVSORWWHGE\
IXQFWLRQ Pressure Monitoring SystemVKRZVVL[SUHVVXUHPHWHUVLQVWDOOHGZLWKLQWKH:'1DQGRQHSUHVVXUHUHJDLQV
DVVXPHGDWZDWHUVRXUFH+6XFKSUHVVXUHPHWHUVLGHQWLI\ILYHSUHVVXUH'0$VFRORXUGLVWULFWV
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$VVXPLQJEXUVWVFHQDULRVILUVWRQSLSHVDV LQGLFDWHGZLWKDUHGFLUFOH LQ)LJUHVSHFWLYHO\ WKHAnomaly 
DetectionIXQFWLRQLGHQWLILHVFDQGLGDWHSLSHVWREHLQVSHFWHGIRXUUHSRUWHGLQWKHILJXUHDFFRUGLQJWRWKHUHOHYDQW
UDQNLQJSRVLWLRQEDVHGRQSUHVVXUHGURS³REVHUYHG´DWSUHVVXUHJDXJHVUHSRUWHGLQ)LJRU)LJ
7KHAnomaly DetectionIXQFWLRQDOVRVXSSRUWWKHDQDO\VLVRIWKHHIIHFWLYHQHVVRIWKHDVVXPHGSUHVVXUHPRQLWRULQJ
V\VWHP$FFRUGLQJO\JHQHUDWLQJUDQGRPEXUVWHYHQWVYDU\LQJORFDWLRQDQGVL]HRIWKHOHDNLQJRULILFH)LJ
VKRZVWKHDQDO\VLVIRUWKH$SXOLDQQHWZRUNZLWKWKHSUHVVXUHVDPSOLQJV\VWHPLQ)LJ0RUHRYHULWLVDVVXPHGWKDW
FXVWRPHUGHPDQGVYDULHGLQDUDQJHRIRIWKHRULJLQDOYDOXHVDQGWKDWSUHVVXUH³REVHUYDWLRQV´ZHUHDIIHFWHG
E\PDYHUDJHUDQGRPHUURU

)LJ%XUVWLGHQWLILFDWLRQVWDWLVWLFVSLSHUDQNLQJOHIWDQGSLSHOHQJWKWRVXUYH\ULJKW
)LJOHIWVKRZVWKHEXUVWLGHQWLILFDWLRQVWDWLVWLFVIRUHYHQWVZLWKYDULRXVEXUVWRXWIORZUDWHVUDQJLQJIURPOHVV
WKDQOVXSWRRYHUOV,WLVHYLGHQWWKDWWKHUDWHRIVXFFHVVLQLGHQWLI\LQJWKHIDLOHGSLSHVLQFUHDVHVZLWKEXUVW
RXWIORZVEHFDXVHRIWKHLQFUHDVLQJSUHVVXUHGURSVGHWHFWHGE\WKHSUHVVXUHJDXJHV$VH[SHFWHGLUUHVSHFWLYHO\RQWKH
IORZUDWHWKHSHUFHQWRISLSHEXUVWVWKDWDUHFRUUHFWO\LGHQWLILHGLQFUHDVHVZKLOHPRYLQJIURPWKHVWXSWRWKHWKWREH
LQVSHFWHG,QWKHFDVHRI$SXOLDQ:'1ZLWKWKHDVVXPHGSUHVVXUHPRQLWRULQJV\VWHPPRUHWKDQRIVLPXODWHG
HYHQWVDUHFRUUHFWO\UDQNHGDVVWWRLQVSHFWIRUDQ\EXUVWIORZUDWH)LJOHIWDOVRVKRZVDV\HOORZDQGJUHHQ
GRWVWKDWPRUHWKDQRIDFWXDOSLSHEXUVWVDUHDGMDFHQWWRWKRVHUDQNHGIRULQVSHFWLRQDQGPRUHWKDQDUH
ZLWKLQ WZRSLSHVGLVWDQFH7KLVPHDQV WKDW WKHIXQFWLRQZRXOGDGGUHVV LQVSHFWLRQFUHZV LQ WKHFRUUHFWDUHDZKLOH
OHDYLQJWRILHOGLQVSHFWLRQDPRUHUHILQHGORFDOL]DWLRQRIWKHIDLOXUH
)LJ ULJKW VXPPDUL]HV WKH VDPHDQDO\VLV LQ WHUPVRIDYHUDJH OHQJWKRISLSHOLQH WR VXUYH\EHIRUHFRUUHFWO\
ORFDWLQJ WKH SLSH EXUVW LQ WHUPV RI DEVROXWH OHQJWK DQGSHUFHQWDJHRI WRWDO:'1SLSHOLQH&RQVLVWHQWO\ZLWK WKH
SUHYLRXVO\ PHQWLRQHG REVHUYDWLRQV WKH VXUYH\ OHQJWK GHFUHDVHV DV WKH IORZ UDWHV DQG UHOHYDQW SUHVVXUH GURSV
LQFUHDVH7KHORZHUWKHSLSHOLQHWREHLQVSHFWHGIRUVPDOOEXUVWIORZUDWHVLHOVWKHPRUHHIIHFWLYHWKHSUHVVXUH
VDPSOLQJV\VWHP
&RQFOXVLRQV
(QKDQFHGK\GUDXOLFPRGHOOLQJFRQVLGHULQJSUHVVXUHGHSHQGHQWFRPSRQHQWVRIWKHGHPDQGVVXFKDVEXUVWOHDNV
EDFNJURXQG OHDNDJHV FXVWRPHU GHPDQGV LQ SUHVVXUH GHILFLHQW FRQGLWLRQV HWF DQG WKH DFWXDO EHKDYLRU RI FRQWURO
GHYLFHVLVPDQGDWRU\WRGHVLJQDUHDOSLFWXUHRIWKHK\GUDXOLFV\VWHPEHKDYLRURYHUGLIIHUHQWQRUPDODQGDEQRUPDO
ZRUNLQJ FRQGLWLRQV LQFOXGLQJ WKH QHWZRUN WRSRORJLFDO FKDQJHV GXH WR SODQQHG RU XQSODQQHG ZRUNV 7KHUHIRUH
:'1HW;/LVEDVHGRQDQHQKDQFHGK\GUDXOLFPRGHOOLQJZKLFKLV WKHEDVLVIRUSODQQLQJPDQDJHPHQWDQGGHVLJQ
DFWLRQVIRU:'1V/HDNDJHGHWHFWLRQDQGORFDOL]DWLRQLVWRGD\DUHOHYDQWLVVXHEHFDXVHEXUVWOHDNVFDXVHPDMRUZDWHU
RXWIORZVZKLFKQHHG WREHSURPSWO\UHSDLUHG LQRUGHU WRUHGXFHWKHYROXPHRI ORVWZDWHUDQGSRVVLEOH WKLUGSDUW\
GDPDJHV7KHSUHVHQWZRUNSUHVHQWHGWKHPRVWUHOHYDQWDQGLQQRYDWLYHK\GUDXOLFPRGHOOLQJIHDWXUHRIWKH:'1HW;/
V\VWHPZKLFK DUHXVHG IRU OHDNDJHGHWHFWLRQ DQG ORFDOL]DWLRQE\PHDQVRI D VFHQDULRVJHQHUDWLRQ VWUDWHJ\ LQ WKH
:'1HW;/3UHVVXUH&RQWUROPRGXOH

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